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ABSTRACT 
Author: Dhawal Leuva 
Title:  Experimental Investigation and CFD Simulation of Active Damping 
Mechanism for Propellant Slosh in Spacecraft Launch Systems 
Institution: Embry-Riddle Aeronautical University 
Degree: Master of Science in Aerospace Engineering 
Year: 2011 
Motion of propellant in the liquid propellant tanks due to inertial forces transferred 
from actions like stage separation and trajectory correction of the launch vehicle is known as 
propellant slosh. If unchecked, propellant slosh can reach resonance and lead to complete 
loss of the spacecraft stability, it can change the trajectory of the vehicle or increase 
consumption of propellant from the calculated requirements, thereby causing starvation of the 
latter stages of the vehicle. Predicting the magnitude of such slosh events is not trivial. 
Several passive mechanisms with limited operating range are currently used to mitigate the 
effects of slosh. An active damping mechanism concept developed here can operate over a 
large range of slosh frequencies and is much more effective than passive damping devices. 
Spherical and cylindrical tanks modeled using the ANSYS CFX software package considers 
the free surface of liquid propellant exposed to atmospheric pressure. Hydrazine is a common 
liquid propellant and since it is toxic, it cannot be used in experiment. But properties of 
hydrazine are similar to the properties of water; therefore water is substituted as propellant 
for experimental study. For close comparison of the data, water is substituted as propellant in 
CFD simulation. The research is done in three phases. The first phase includes modeling free 
surface slosh using CFD and validation of the model by comparison to previous experimental 
results. The second phase includes developing an active damping mechanism and simulating 
the behavior using a CFD model. The third phase includes experimental development of 
damping mechanism and comparing the CFD simulation to the experimental results. This 
research provides an excellent tool for low cost analysis of damping mechanisms for 
propellant slosh as well as proves that the concept of an active damping mechanism 
developed here, functions as expected. 
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CHAPTER 1 
INTRODUCTION 
Propellant slosh is a problem for spacecrafts and launch vehicles. Major inertia in 
any space mission is the propellant a spacecraft or launch vehicle carries for trajectory 
maneuvers and momentum dumping. Angular rotation of the vehicle, oscillating thrust 
force or lateral disturbances constitute the driving forces for propellant slosh. Propellant 
slosh during these motions circulates sub-cooled propellant along the liquid vapor 
interface, causing increased condensation and corresponding pressure collapse. 
Conversely, propellant might contact hot walls of the tank, vaporizing the propellant 
causing rapid pressure rise in the tank. Thus understanding the behavior of propellant 
slosh during various operational phases of the vehicle is very important for vehicle design 
[1]. More over proper propellant orientation during engine start is necessary to prevent 
chocking of the fuel inlet valve.  
Propellant slosh has been a major control issue for space vehicles since 1960s. 
This issue has been more of a concern since multiple vector thrusters have been 
incorporated for trajectory control of the space vehicles. Thrust vectoring in certain cases 
has lead to an increase in amplitude of the induced propellant slosh to the point that entire 
vehicles have been lost resulting in mission failures. Recent cases like SpaceX’s Falcon-I 
mission failed since thrust vector controls started chasing the induced slosh wave in the 
liquid oxygen (LOX) tank and instead of controlling the vehicle, caused an increase in 
instability till the vehicle went off the planned trajectory [2].  The unexpected behavior of 
Intelsat IV series spacecraft, problems with ESA spacecraft, 13 month delay due to upset 
of NEAR Shoemaker mission to Eros during reorientation maneuver and coupling of 
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helium slosh and drag free control system on Gravity Probe B are all the instances when 
propellant slosh caused unexpected behavior in the spacecraft [3]. 
Most of the spacecrafts are either spin stabilized or non-spin stabilized. For spin 
stabilized spacecraft, unwanted vibrations due to spinning arises from dumbbell formed 
by the center of mass of liquid and center of mass of dry spacecraft when rotation axis 
corresponds to minimum moment of inertia leading to propellant slosh [3]. For non-
spinning spacecrafts, actions like trajectory control, stage separation and orbit injection 
by liquid propelled upper stage induces propellant slosh. Energy dissipation of this 
propellant slosh is difficult since there is no resistance against the sloshing in the tank. As 
a result, this energy is transferred to the equipments attached to the propellant tank and 
eventually the effect is experienced by the entire spacecraft causing nutation of the 
spacecraft about its spin axis.  
When slosh waves are allowed to freely oscillate, they have a tendency to reach 
resonance. At resonance, slosh waves have maximum amplitude. The forces of sloshing 
propellant cause the spacecraft to nutate about its spin axis. Traditional vector correction 
methods are used to correct the nutation, but high speed and high magnitude of sloshing 
propellant forces quickly overpower the corrections being made and sometimes results in 
more nutation and complete loss of the spacecraft as seen in 1969, NASA’s ATS V 
mission failed due to nutation growth caused by liquid propellant sloshing [5]. Mission 
failures caused due to unpredictable behavior of propellant slosh called for an in-depth 
and detailed study of propellant slosh behavior and parameter estimation.  
3 
 
Before the advances in Computational Fluid Dynamics (CFD) and computing 
power, propellant slosh issue was dealt on case by case basis. Experimental setup would 
be designed to validate mathematically predicted parameters such as frequency and 
damping for propellant slosh. This process was time consuming and economically 
draining. The parameters thus obtained were used to design passive propellant 
management devices (PMD) like baffles and diaphragms for propellant slosh damping. 
These passive damping devices provide excellent propellant slosh damping for a small 
range of frequency and small amplitude of sloshing, but they are not effective when 
propellant fill level changes and sloshing frequency is outside their design range. These 
devices are bulky, consume space, add 
significant weight and have small operation 
range. 
Presently active damping devices are 
being developed to overcome the 
disadvantages of passive damping devices. 
Active damping devices work for a wide range 
of amplitude and frequencies and for all the 
propellant fill level in the tanks. An active 
damping mechanism consists of a device that 
can generate high frequency small amplitude 
waves with opposite phase to that of sloshing 
waves. The ultimate aim for this research is to 
develop a concept for active damping mechanism and test the behavior of the concept 
Figure 1. Free surface slosh 
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using comprehensive CFD model and to validate the CFD results by comparing them to 
the experimental results. 
Focus of this research is modeling of free surface slosh waves. Free surface slosh 
[9] is the wave motion of propellant in a partially filled tank without any damping 
devices or PMD as shown in Figure 1. Sloshing is of two types. First type is small 
amplitude sloshing caused by transient excitation so the amplitude is small with well 
defined oscillation frequency.  It is the function of gravity, tank shape and propellant fill 
level [4] in the tank. Second type of sloshing is large amplitude sloshing caused during 
main engine ignition and burnout [5], the waves begin to break and oscillations become 
erratic in large amplitude sloshing. This research focuses on study of propellant slosh in 
spherical and cylindrical tanks.  
With advances in CFD algorithms, computing power and visual graphics on 
computers, CFD solvers have introduced new methods for simulation of engineering 
problems. CFD model once set can be manipulated to simulate wide range of scenarios 
with complex conditions applied on the model to understand physical behavior of the 
actual prototype without wasting time and money on designing new experimental setups. 
Conditions like absolute zero gravity can be simulated in CFD software along with 
varying geometry and other parameters. Due to such versatile application, CFD software 
is being used on large scale in aerospace industries for simulation purpose. They provide 
a means of experimental data without actually performing the experiment. 
New capability of ANSYS CFX solver of solving multiphase simulations has 
made modeling of complex propellant slosh problem possible in this software. With 
multiphase algorithms being included, modeling of multiple fluids like air and water with 
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a clear boundary separating both 
the fluids is possible now. ANSYS 
CFX, a commercial CFD solver 
will be used to model propellant 
slosh and the results will be 
validated by comparing them to 
previous experimental data 
available at Embry Riddle 
Aeronautical University’s (ERAU) 
fuel slosh research laboratory.  
Sloshing phenomenon is affected by gravitational forces, surface tension and 
surface kinematics. Accounting for all detail dynamics for complete vehicle dynamic 
modeling is time consuming. Sloshing dynamics can be represented by spring mass 
damping mechanical model.  ERAU has developed parameter estimation process using 
MATLAB SimMechanics software [6, 8, 12] for propellant slosh. Propellant slosh at free 
surface is analogous to mechanical pendulum inside a tank. For the parameter estimation, 
a dynamic model of fuel slosh inside a laterally oscillating tank was used.  The propellant 
inside the tank can be divided and modeled into two parts. First part of the propellant is 
stationary with respect to the tank and can be modeled as fixed mass at the bottom of the 
tank. The second part of the propellant sloshes and can be modeled as a small mass 
pendulum hanging from a pivot point by a mass-less string with a spring and damper 
combination that would account for viscous forces (Figure 2). Experimental data is used 
in combination with MATLAB SimMechanics model to extract parameters including 
Figure 2. Mechanical pendulum analog 
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pendulum mass, damping, pivot position, fixed mass and its location. CFD software can 
be used to simulate these data without requirement of any experiment, thereby saving 
time and preventing unnecessary costs. 
ERAU has also performed experimental and CFD research on passive PMD like 
diaphragm [14]. For passive PMD research, ANSYS FLUENT CFD software coupled 
with Fluid Structure Interaction (FSI) was used for modeling and solving propellant 
slosh. This research confirmed capability of ANSYS CFD software to solve CFD-FSI 
models and parameterize propellant slosh dynamics.  
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CHAPTER 2 
PROBLEM DEFINITION 
Historically, propellant slosh can be predicted accurately by various numeric 
models developed during 1960s.  The difficulty in prediction increases with addition of 
passive PMDs like diaphragms and baffles to the tanks. Passive PMDs work for limited 
range of propellant slosh frequency, they take up space in the fuel tank and are heavy and 
bulky. Thus, weight to operation range ratio of passive PMDs is poor. On the other hand 
active damping mechanism would take up some space of the fuel tank, but the versatile 
frequency operation of these devices makes them more useful and advantageous than 
passive PMDs.  
 
Figure 3. Concept design of an active damping mechanism 
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This research is done in two phases. First phase involves setting up and 
verification of the CFD model by comparing CFD results with experimental results. 
During first phase, 60% by volume filled spherical and cylindrical tanks and 25% filled 
cylindrical tank models are excited laterally until propellant slosh attains natural 
frequency. When resonance is reached, excitation is stopped and propellant in the tank is 
allowed to damp naturally. The results thus obtained from CFD model are compared to 
experimental results for validation of CFD model. Second phase of the research involves, 
developing active damping mechanism and studying its behavior using CFD model as 
well as experimental setup.  
There are two main challenges to be faced during this research. First challenge is, 
setting the accurate CFD model to confirm the results with experimental data. ANSYS 
CFX though being graphically interactive software, problems like grid generation, 
problem definition in CFX software, discretization schemes to be chosen, time stepping 
and accurate post processing of the solution has to be answered. Second main challenge 
after setting CFD model accurately is, conceptualizing and developing an active damping 
mechanism which can dissipate the energy of the sloshing wave. Since propellant tank 
and launch vehicle as a whole is an isolated body, dissipation of energy without any 
interference of external forces becomes difficult.    
Following chapters fully describe the actions taken to overcome these problems. 
This research is an account of conceptualization and development of active damping 
mechanism for propellant slosh. 
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CHAPTER 3 
METHOD OF APPROACH 
An axisymmetric model of spherical tank with cut opening at the top and 
cylindrical tank with top open to atmosphere is generated in CATIA. Pointwise mesh 
generating software is used to generate mesh in these tanks. The meshed models of the 
tanks are imported in ANSYS CFX for CFD problem definition and solution. ANSYS 
CFX Post Processor is used to analyze the results obtained from CFX Solver. 
Spherical tank is of 12.9” inch diameter and the cylindrical tank is 12” inch high 
and 5.5” inch in diameter, both tanks have opening to the atmosphere at the top. Both the 
tanks are filled with propellant up to 60% by volume. Hydrazine is the most common 
propellant used in space launch vehicles. Since hydrazine is toxic, and has similar 
physical properties as that of water, water is substituted as propellant in experiment as 
well as CFD models.  
Sloshing is generated by exciting the tank laterally. Lateral amplitude of 
excitation is 3mm considering the limitation of the experimental setup. Tanks are excited 
until slosh reaches natural frequency and then simulation continues until slosh damps 
naturally. Simulation is done for 10 seconds with 0.01 second of timestep.  
Active damping mechanism consists of a thin flexible membrane at the bottom of 
the tank. Vibration mechanism moves the membrane perpendicular to the slosh direction. 
The frequency of membrane motion can be controlled manually. For the simulation with 
active damping mechanism, tank is excited till the slosh reached natural frequency. Until 
this moment, flexible membrane remains steady, after the excitation of the tank stops, 
membrane vibration is switched on with specific frequency until magnitude of the 
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sloshing forces reduces significantly. Figure 3 shows the tank model with active damping 
mechanism at the bottom.  
The experimental setup in Figure 4 comprises of a laterally exciting platform on 
which the spherical or cylindrical tank is mounted. The arms holding the tank have force 
 
Figure 4. Experimental setup with cylindrical tank filled to 60% fill level 
 transducers or load cells attached to measure the forces acting on the walls of the tank. 
The data collected from these transducers is analyzed using LabVIEW software. 
Experimental data is used to validate the CFD model by comparing both the results.  
Active damping mechanism in spherical tank requires smaller, costly components 
to fit within the space below the membrane (Figure 3). Components below cylindrical 
Load Cell 
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tank do not have size limitation (Figure 5) therefore due to simplicity of control and 
construction, only cylindrical tank will be tested experimentally.  
 
 
Figure 5. Cylindrical tank construction with subwoofer at the bottom 
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CHAPTER 4 
CFD THEORY, CFX THEORY AND CFX MODEL 
 
4.1 CFD Theory       
Computational Fluid Dynamics is used here to compliment experimental results. 
CFD method comprise of solution of Navier Stokes equations at required points to get the 
properties of the fluid flow at those points. This technique exists since advancement in 
complex mathematical algorithms in 1930 [16]. Simple CFD problems were solved 
analytically, but with increase in fluid flow complexity, mathematical complexity 
increases exponentially. With the advancement of computers since 1950s, with powerful 
graphics and 3D interactive capability, use of CFD has gone beyond research and into 
industry as a design tool. Experiments can give macro data at certain points in the flow 
field, but with CFD, flow field can be resolved to details like turbulence, viscous forces 
and velocity. All this makes CFD an essential and useful tool for complex flows like 
propellant slosh.   
CFD is solution of Navier Stokes equations. Navier Stokes equations are set of 
partial differential equations describing processes of momentum and heat and mass 
transfer. These equations have no known general analytical solution, but can be solved 
numerically by discretization. The four Navier Stokes equations are: x-momentum, y-
momentum, z-momentum and continuity equation respectively shown below in their 
conservation cartesian coordinate form. 
𝜕(𝜌𝑢)
𝜕𝑡
+ ∇. (𝜌𝑢𝑉) =  −𝜕𝑝
𝜕𝑥
+ 𝜕𝜏𝑥𝑥
𝜕𝑥
+ 𝜕𝜏𝑥𝑦
𝜕𝑦
+ 𝜕𝜏𝑥𝑧
𝜕𝑧
+ 𝜌𝑓𝑥 … … … … … (1) 
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𝜕(𝜌𝑣)
𝜕𝑡
+ ∇. (𝜌𝑣𝑉) =  −𝜕𝑝
𝜕𝑦
+ 𝜕𝜏𝑥𝑥
𝜕𝑥
+ 𝜕𝜏𝑥𝑦
𝜕𝑦
+ 𝜕𝜏𝑥𝑧
𝜕𝑧
+ 𝜌𝑓𝑦 … … … … … (2) 
 
𝜕(𝜌𝑤)
𝜕𝑡
+ ∇. (𝜌𝑤𝑉) =  −𝜕𝑝
𝜕𝑧
+ 𝜕𝜏𝑥𝑥
𝜕𝑥
+ 𝜕𝜏𝑥𝑦
𝜕𝑦
+ 𝜕𝜏𝑥𝑧
𝜕𝑧
+ 𝜌𝑓𝑧 … … … … … (3) 
𝜕𝜌
𝜕𝑡
+  ∇. (𝜌𝑉) =  0 … … … … … (4) 
CFD applies these equations across a discretized domain. This process is called 
discretization. These equations are solved numerically using finite volume technique 
(explained in ANSYS CFX Theory) and further discretization makes CFD method at best 
an approximation to the exact solution. Though being an approximation, CFD gives an 
accurate understanding of the flow process and is known to give exceptional results. 
Apart from using Navier Stokes equations, free surface problems like propellant 
slosh pose an additional difficulty of tracking free surface, clearly defining the boundary 
of the different phase fluids. All the CFD software use Volume of Fluid (VOF) model to 
track velocity, location and shape of the free surface between different phases of fluids.   
Finite volume technique used to solve Navier Stokes equation stores the values of 
all the properties like velocity, pressure, density, temperature and volume fraction of the 
fluid at center of each control volume. VOF model extracts the volume fraction data at 
each control volume to determine the shape and location of the free surface.  
Volume fraction, as the name suggests is the ratio between the volumes of the two 
fluids at each control volume. For the case of water and air, if the volume fraction of 
water is 1 at the control volume, means control volume is completely filled with water. If 
the volume fraction of water at a control volume is 0.5, means 50 percent of the control 
volume is filled with water and the other 50 percent is filled with air (Figure 6). If the 
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volume fraction of water at a control volume is 0, means that control volume does not 
contain water but at the same time the volume fraction of air at that control volume will 
be one. In short, for any fluid system such as air-water fluid system, the summation of 
individual volume fractions of air and water at each control volume should equal to 1. 
 
Figure 6. Volume fraction distribution, volume fraction of air is 0.5 and volume 
fraction of water is 0.5. 
Solution of volume fraction conservation equation defined by Hirt and Nichols is 
used in tracking of the free surface throughout the volume 
𝜕𝐹
𝜕𝑡
+  𝑢 𝜕𝐹
𝜕𝑥
+  𝜐 𝜕𝐹
𝜕𝑦
+  𝑤 𝜕𝐹
𝜕𝑧
= 0 … … … … … (5) 
The function F in the above equation represents volume fraction at each control 
volume. The range of function F is 0 ≤ F ≤ 1 as discussed above. Finding the location of 
free surface does not solve the problem completely since still the orientation of the free 
surface is unknown (Figure 7). The three diagrams (Figure 7) show the simplest 
possibility of the orientation of the free surface. VOF technique uses the gradient of 
volume fraction at each control volume across the free surface to determine the slope of 
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the free surface and there by the orientation of the free surface over the entire control 
volume can be known and plotted. 
 
Figure 7. Free surface orientation for 0.5 volume fraction 
Propellant slosh is a transient process. The slosh waves changes with time, with 
the change in slosh waves, the forces acting on the wall of the tank changes. Simulation 
of such problems is done by breaking the duration of entire simulation run into small time 
segments known as timesteps in CFD software. The size of the timestep is chosen 
depending on the velocity of the propellant slosh. For this research, usually the entire 
time for the simulation including time for tank excitation and time for natural damping of 
slosh waves took 10 seconds. If the timestep of 0.1 second is selected, the simulation fails 
since for this timestep the velocity of the slosh wave is very high and the solution 
diverges. After careful analysis, timestep of 0.01 second is chosen which gives sufficient 
convergence of the solution and accuracy. Size of the timestep depends on the mesh size 
and the change in the velocity between the timestep. Finer the mesh, bigger the timestep. 
Meaning, 0.1 second timestep can work for propellant slosh if the mesh used is fine. But 
on the other hand finer mesh means more calculation time without improving quality of 
the result. Also for the educational versions of CFD software, there is a limitation of 
number of nodes that can be used for simulation, hence for this research timestep size is 
reduced instead of having finer mesh.  
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Forces acting on the tank wall are plotted against time. These results require 
further analysis to extract natural frequency.    
 
4.2 ANSYS CFX Theory 
Navier Stokes equations can be solved numerically using various techniques. 
Finite volume technique is one of the most commonly used methods for the solution of 
these equations and ANSYS CFX also uses this technique. In finite volume technique, 
the flow field is divided into sub-regions called control volume. The above mentioned 
discritized Navier Stokes equations are solved numerically over the control volume. Thus 
approximate values of the variables are calculated throughout the domain at specific 
points to form full flow characteristic.  
ANSYS CFX converts Navier Stokes equations into integral form over each 
control volume. Gauss’s Divergence Theorem is used to convert these integrals with 
divergent and gradient operators into surface and volume integrals which are further 
discretized and converted to linearized equations and assembled into a solution matrix 
and solved using First or Second order Backward Euler Schemes [17].  
In ANSYS CFX, the simulation process is split into four steps: 
1. Creating geometry and mesh. 
2. Defining the physics of the problem. 
3. Solving the CFD problem. 
4. Analyzing the result in post processor. 
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Figure 8. Flowchart showing CFD simulation process 
4.2.1 Creating Geometry and Mesh 
Any geometry can be created in CAD software like CATIA or Pro-Engineer and 
imported in mesh generating software like Pointwise or Gridgen. For this research 
geometry is created in CATIA and Pointwise is used for mesh generation. 
Mesh generation, also known as grid is the process of forming nodes across the 
geometry. Nodes are the points at which the Navier Stokes equations will be solved for 
the fluid properties. When these nodes are connected, a mesh is formed and the domain 
or the control volume is called discretized.  
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There are several aspects to be considered for mesh generation. First is the type of 
the mesh. There are two main type of mesh: Structured and Unstructured. A structured 
mesh (Figure 9(a)) has all the nodes arranged such that the cells formed by joining 
adjacent nodes are rectangular in shape. This helps in easy reference of each cell making 
it numerically simple to deal with. An Unstructured mesh (Figure 9(b)) has nodes 
distributed randomly, hence the mesh cells can be tetrahedral, octahedral and pyramid in 
 
(a)                                                                            (b) 
Figure 9. Type of mesh (a) Structured mesh (b) Unstructured mesh [7] 
shape for 3D mesh and triangular in shape for 2D mesh. This random arrangement of 
nodes require a mapping file to keep the track of the nodes, increasing the file size of 
unstructured mesh compared to structured mesh. Unstructured mesh is useful for meshing 
complex and curved geometries. For this reason, propellant slosh research uses 
unstructured mesh. 
The spherical and cylindrical tanks are meshed and care should be taken that 
number of cells should not go beyond 500,000 cells. ANSYS CFX educational license 
version cannot solve CFD problem with mesh having more than 500,000 cells. The 
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spherical tank has tetrahedral unstructured mesh with 494,774 cells. The cylindrical tank 
has tetrahedral unstructured mesh with 403,792 cells. Details [19] about meshing the 
geometry using Pointwise software is mentioned in Appendix A.  
4.2.2 Defining Physics of the Problem 
Physics of the problem can be defined in ANSYS CFX Pre. The mesh is imported 
in ANSYS CFX Pre where the flow physics, boundary conditions, initial values and the 
solver parameters are all specified.  
CFD software uses either explicit or implicit temporal formulation method for 
dynamic propagation across the grid. Explicit schemes calculate temporal advancement 
of the function from the previous timestep making them unstable. Implicit schemes rely 
on predictable future timestep, making implicit schemes unconditionally stable. However, 
relying on future timestep introduces a set of differential equations which are solved 
using matrix inversion, increasing computational time. Although computationally 
intensive, implicit scheme converges the solution in fewer iterations and allows for use of 
larger timestep giving accurate results. Therefore CFX uses implicit temporal formulation 
method for simulation.  
ANSYS CFX has a multiphase model that is employed when multiple fluids 
exists in the model. Two distinct multiphase models are available in CFX, Eulerian-
Eulerian and Lagrangian Particle Tracking model. Particle transport modeling is a type of 
multiphase model in which, particles are tracked using Lagrangian method. Lagrangian 
tracking in CFX involves integration of the particle in the domain, individual particle is 
tracked from its injection in the domain till its escape. The source terms for fluid mass, 
momentum and energy equations are obtained by averaging the tracks of each particle 
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injected in turn. Since a particle is tracked form its injection till its escape form a domain, 
this method is suitable for steady state flow analysis. 
Eulerian multiphase has two different sub-models available, Inhomogeneous 
model and homogeneous model. Inhomogeneous multiphase Eulerian model considers 
separate flow field for each fluid. Therefore each fluid has its own turbulence, heat 
transfer and energy equations that are solve to determine interface between the fluids 
using The Particle Model, The Mixture Model or The Free Surface Model. The particle 
model allows specifying one fluid as dispersed particles into another continuous fluid. 
The mixture model treats both the fluid phases symmetrically allowing simulations 
involving physics of oil in water or water in oil. The free surface model attempts to 
resolve interface between the two fluids. Homogeneous model shares the common flow 
field between the fluids. This allows for more simplifications being made to the model 
converting it to a homogenous model. For propellant slosh, homogenous multiphase 
model is used since it matches the experimental conditions closely. 
4.2.3 Solving the CFD Problem 
After defining the problem in CFX Pre, ANSYS CFX Solver Manager is used to 
manage the solution of the problem. Here the number of processors to be used for 
solution, the files to be used and the time from where the simulation is to be started are 
all specified.  
Once the solution starts, solver manager displays the residuals of the governing 
equations being solved and the convergence attained in the form of monitor plots. Other 
monitors like temperature, pressure and force that are specified in CFX Pre can be 
displayed in CFX solver for real time data analyses. CFX Solver also displays the output 
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file that contains the data about the fluid flow properties at each iteration of each 
timestep. Once the solution if complete, CFX Solver forms “.res” file which is a result 
file required to visualize fluid flow data in ANSYS CFX Post. A directory is also formed 
containing “.trn” files which are the files containing data about each timestep.  
4.2.4 Analyzing the Results in Post Processor 
ANSYS CFX Post is a state-of-the-art post-processor designed to allow easy 
visualization and quantitative analysis of the CFD simulation results. One can get 
graphical data as well as plots in CFX Post. It also supports animation and movie making 
features which are very useful for data analysis of transient simulation. 
 
4.3 ANSYS CFX Modeling 
The process of defining the physics of the simulation problem is called CFX 
modeling. CFX modeling is done using ANSYS CFX Pre. Figure 10 shows CFX Pre 
operating window. The display is divided into three main parts, first is the viewer (region 
on the right with the geometry) that displays information about boundary conditions, 
domains, source and mesh. Second is the workspace (box on the left) to define different 
aspects of physics setup. Third part of the display is the physics validation summary 
window. Detailed error messages are displayed in this summary window and the viewer 
highlights the object that contains inconsistent or incorrect setting. 
When pre starts, import the mesh file (“.grd” file) which was generated using 
Pointwise. By default, a default domain is created in the workspace region. Domain is the 
entire control volume, in Figure 11, entire spherical tank is the domain. 
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Figure 10. ANSYS CFX Pre operating window 
 Before starting physics definition, it is important to verify that the geometry is 
under proper scale. If the geometry is not scaled properly, the results will vary drastically 
from the required values and often the simulation might stop giving various errors in 
solver manager. For details to change scaling or to change the units see Appendix B. 
In Workspace, the “Outline Tree” displays summary of the physics that has been 
defined for the simulation. Initially, the “Outline Tree” contains default list of objects like 
default domain, analysis type, solver units, solver control and output control.  
4.3.1 Outline Tree 
The Outline tab in workspace displays the summary of physics definition of the 
simulation. One can select any object in the outline tree view and double click to edit the 
setting of that object. Details of each object are explained in this part of the chapter.  
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Mesh 
This object gives access to all the mesh operations that can be performed in CFX. 
This includes mesh import, transformation, scaling, rendering the visibility properties and 
connection of different mesh.  
Simulation 
It enables definition of multiple analyses. 
Flow Analysis 
Allows physics definition of the simulation by allowing access to various objects 
defined below. 
Analysis Type 
Enables definition of analysis type as steady or transient state simulation. Option 
of coupling with external solver is also available in this object. Definition of total 
simulation time and time step is done here. 
For the propellant slosh research, simulation total time is specified as 10 seconds 
and the timestep value is specified as 0.01 seconds. 
Domain 
Domains in CFX refer to control volume, in the Figure 11, spherical tank is the 
domain. This enables to define fluid properties, different fluids to be used in the 
simulation, type of multiphase model to be used, type of turbulence model to be used and 
paring of the fluids. Definition of moving or stationary domain is done in this object. In 
many simulations more than one domain are required which have to be connected latter 
by domain interface.  
 
24 
 
 
Figure 11. Domain showing mesh in the spherical tank 
Various tabs like basic settings tab, fluid models tab, fluid specific models tab, 
fluid pair models tab and initialization tab are available in domain object that can be 
edited for problem definition. Further as a sub-branch, boundary conditions and sub-
domains can be defined in the domain. In case of having multiple domain, the changes 
done in these tabs and boundary conditions are applied to specific domain only. 
Basic Settings Tab 
In this tab the location of the domain, type of domain, fluid definition, fluid 
morphology, buoyancy options and domain motion can be defined.  
Table 1. Basic setting tab details 
Location of Domain Multiple domains can be selected in this option. 
Type of Domain Whether the domain is entirely fluid, solid, immersed solid 
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or porous solid can be selected here. For this research, 
domain type is fluid. 
Fluid definition All the fluids required for the simulation are defined here. 
New materials can be added and specified in this option. In 
this research, air at 25 �C and water is selected as fluids. 
Fluid Morphology Available morphology options depend on fluid specific 
settings like Eulerian phase or particle phase. For this 
research, water and air is defined as continuous fluids since 
slosh waves are not breaking. Volume fraction option is also 
available here, but for this research, expressions are used to 
track volume fraction. 
Domain Model ANSYS CFX refers to gauge pressure, hence the reference 
pressure here is set as 1 atmosphere. Buoyancy option is 
selected and reference density is defined as DenRef since it is 
defined in the expressions.   
Domain Motion This option allows to specify the motion of the domain. In 
order to have required motion, regions of motion specified 
option under mesh deformation option is selected. 
 
Fluid Model Tab 
In this tab options like multiphase model, turbulence model, heat transfer model, 
combustion model and thermal radiation model are selected. 
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Table 2. Fluid model tab details 
Multiphase Model Two multiphase models are available, Inhomogeneous and 
homogeneous. By default inhomogeneous model is selected 
in which each fluid has its own velocity and turbulence field. 
Since our research model has a distinct interface between the 
two fluids, a homogeneous standard multiphase model is 
selected which is a free surface model. 
Turbulence Model For simplicity of the simulation Laminar model is selected, 
hence no turbulence is modeled for this simulation. 
Heat Transfer Model Options like no heat transfer model, thermal energy model 
and total energy model are available. Total energy model is 
used for high speed flows. Thermal energy model is selected 
for low speed flows hence for this simulation thermal energy 
model is selected. 
Combustion Model This option is available only if reacting mixture is selected in 
material selection option in Basic Settings tab. 
Thermal Radiation Model Thermal radiation model does not support multiphase 
simulations in CFX. 
 
Fluid Specific Models Tab 
Setting for fluid specific properties is available here. This tab is available in 
multiphase model only. 
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Table 3. Fluid specific tab details 
Fluid Selection In this option one can select the fluid whose properties are 
required to be changed. 
Fluid Buoyancy Model  By default density difference model is selected. In this model 
buoyancy is modeled by difference in the density between 
the two phases. Another model called Boussinesq model is 
available which couples the heat transfer and momentum 
models for buoyancy calculations and can be used for 
constant density multiphase cases. Also Boussinesq model is 
difficult to converge, hence density difference model is 
applied for this research. 
 
Fluid Pair Models Tab 
This tab is available only when multiphase model with or without particles is 
selected. It is used to specify fluids or particle interaction in the multiphase flow. This tab 
allows for selection of surface tension coefficient, surface tension force, interface transfer 
and mass transfer. 
Table 4. Fluid pair models tab details 
Surface Tension 
Coefficient 
For this research, there are no breaking waves occurring 
during the simulation, therefore surface tension coefficient 
can be neglected. 
Surface Tension Force Since no breaking waves are present, surface tension force 
can be neglected. 
Interface Transfer For a homogeneous standard free surface multiphase model, 
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interface transfer can be neglected. 
Mass Transfer Mass transfer can occur in both homogeneous and 
inhomogeneous multiphase models for conditions like phase 
change or diffusion. For the free surface propellant sloshing 
there is no mass transfer. 
 
Boundary Conditions 
Boundary conditions must be applied to all the boundary regions of the domain. 
Five main types of boundary conditions are inlet, opening, outlet, wall and symmetry. By 
default, boundary named Default is created in CFX having no slip wall boundary 
conditions for all the unspecified boundaries in the domain. When all the unspecified 
boundaries are defined in CFX, Default boundary condition gets deleted automatically. 
 
Figure 12. Boundary conditions on spherical and cylindrical tank 
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Table 5. Boundary condition details 
Inlet Condition This boundary is used when an inflow in the domain is to be 
specified. Inlet condition can have either subsonic or 
supersonic flow. The speed, direction, pressure and 
temperature of the flow can be specified depending on the 
type of the flow. 
Opening Condition When the flow at the exit of the domain might become a 
reversed flow, opening type of boundary condition is 
selected. For this research, at the top of the spherical and 
cylindrical tank opening boundary is selected. (Figure 12). 
In the boundary details tab, under Flow regime select 
subsonic. Since the flow is both into and out of the domain, 
static pressure and direction option is selected in the mass 
and momentum section. This option does not constrain the 
momentum flow through the boundary and the momentum 
flow always satisfies the static pressure condition. 
Since CFX considers gauge pressure and the reference 
pressure previously being defined as 1 atmosphere in Basic 
setting tab, relative pressure at the opening is defines as zero 
Pascal. Flow direction is normal to the boundary condition. 
In the mesh motion section, specified displacement is 
selected. This makes displacement specification section 
available in which displacement is specified in Cartesian 
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coordinates. 
The tank is oscillated laterally along x-axis for 6 seconds at 2 
Hz frequency and with 0.003 m amplitude. All this 
specifications are converted into an expression using CEL 
expression language used by CFX. Therefore the x, y and z 
components of displacement are as follows. 
x-component: 
 �0.003 ∗ sin �11.653 ∗ 𝑇𝑖𝑚𝑒
1[𝑠] �� ∗ 𝑠𝑡𝑒𝑝 ��6[𝑠] − 𝑇𝑖𝑚𝑒1[𝑠] �� [𝑚] 
y-component: 0 [m] 
z-component: 0 [m] 
These expressions ensure that opening boundary oscillates 
with the entire tank. 
The Fluid Values tab is available for multiphase flows. Here 
the fluid can be selected and the volume fraction can be 
defined by specifying which fluid is allowed to move in and 
out of the opening boundary. For this research, select Air in 
the fluid selection box and specify its volume fraction value 
as 1, allowing the flow of air through the opening and specify 
the volume fraction of water as 0 thereby preventing flow of 
water through the opening.  
For details about the expression look in the Appendix E 
Outlet Condition This condition is used when the flow is always directed out 
of the domain. Here also the pressure condition at the outlet 
31 
 
and the displacement options are available. 
Wall Condition When there is no flow through a boundary, it can be set as 
wall.  
In the boundary details tab, under mass and momentum 
section, various wall models are available, namely, no slip 
wall model, free slip wall model, finite slip wall model and 
specified slip wall model. For our case, no slip wall model is 
used since this model ensures that fluid next to the wall has 
the same velocity as that of the wall. 
In mesh motion section, specified displacement is selected 
and displacement is specified in Cartesian coordinate from.  
Since the tank is to be oscillated along x-axis with 2 Hz 
frequency and 0.003 m amplitude, the displacement 
equations will be same as those mentioned in opening 
condition. 
Symmetry Condition This condition is used to reduce the computational volume 
when there is symmetry in the geometry. 
Spherical and cylindrical tanks though having symmetry, one 
cannot reduce the computational volume to take the 
advantage of the symmetry. 
Symmetric model does not imply that a flow is also 
symmetric. For sloshing simulation, energy dissipation of a 
slosh wave encountering a straight and a curved wall is 
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different since the wave will smash across the flat wall and 
the wave will gradually contact the curved wall greatly 
increasing the dissipation. Figure 13 (a) explains wave 
encountering the flat and curved wall. Figure 13 (b) shows 
the symmetric model of the spherical tank that used to give 
incorrect results.  
 
 
    
                                    (a)                                                                      (b) 
Figure 13. Wave contact with different wall 
Domain Interfaces 
Domain Interfaces are required to connect multiple meshes within the domain, 
such as connecting a hexahedral mesh with a tetrahedral mesh. Further it allows 
connection of stationary and moving domain by forming a thin interface between both the 
domains. Domain Interfaces are used to create periodic interface when periodic symmetry 
is used in the domain to reduce computational volume. It is also used to form contact 
resistance by forming a thin film between fluid-solid interface and solid-solid interface. 
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Initialization 
The process of assigning values (commonly referred as initial values) to all 
unspecified fields is called initialization. For steady state simulations, if accurate initial 
values are available, it reduces the chances of solution failure and solution converges 
quickly. If accurate values are not available, an approximate value within the range of 
initial values is required. For transient state simulations, an initial value signifies the 
values at the beginning of the time of the simulation and has to be accurate. 
Solver 
Properties like advection schemes, turbulence numeric schemes, number of 
maximum iterations, solution units, convergence criteria and variables to be calculated as 
the output can be specified in this object. 
Coordinate Frame 
By default the coordinate frame is centered at the origin of the geometry, i.e 
origin in CFX is same as the origin when geometry is created. Coordinate frame object 
allows for creation of more than one reference frames. 
Materials/ Reactions 
This object allows for addition of new materials with user defined material 
properties like density, molar mass, dynamic viscosity, state of the material and thermal 
conductivity of the material. One can also define chemical reactions for combustion 
simulations. 
Expressions, Functions and Variables 
This object is used to create new expressions, user defined routines and additional 
variables required for proper physics definition of the simulation. For this research 
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various expressions are developed and defined here which track and define the location 
of free surface at the beginning of the simulation. Following functions are defined as 
expressions. 
𝑈𝑝𝐻 = 0.059 [𝑚] 
𝐷𝑒𝑛𝑊𝑎𝑡𝑒𝑟 = 997 [𝑘𝑔 𝑚−3] 
𝐷𝑒𝑛𝑅𝑒𝑓 = 1.185 [𝑘𝑔 𝑚−3] 
𝐷𝑒𝑛𝐻 = (𝐷𝑒𝑛𝑊𝑎𝑡𝑒𝑟 − 𝐷𝑒𝑛𝑅𝑒𝑓) 
𝑈𝑝𝑉𝐹𝐴𝑖𝑟 = 𝑠𝑡𝑒𝑝 �𝑦 − 𝑈𝑝𝐻1[𝑚] � 
𝑈𝑝𝑉𝐹𝑊𝑎𝑡𝑒𝑟 = 1 − 𝑈𝑝𝑉𝐹𝐴𝑖𝑟 
𝑈𝑝𝑃𝑟𝑒𝑠 = 𝐷𝑒𝑛𝐻 ∗ 𝑔 ∗ 𝑈𝑝𝑉𝐹𝑊𝑎𝑡𝑒𝑟 ∗ (𝑈𝑝𝐻 − 𝑦) 
UpH defines the initial level of free surface and by changing the value of UpH, 
the fill level can be changed. When UpH = 0.059 [m], the spherical tank is filled to 60 
percent by volume level. UpVFAir is used to calculate the change in volume fraction of 
air during the sloshing process. Since volume fraction of air and water should add to 
unity, volume fraction of water is defined by UpVFWater. UpPres defines the initial 
hydrostatic pressure and it also changes with change in the sloshing waves. Thus all this 
equations are used to initially define the values in initialization object as well as to track 
the values during the simulation. 
Simulation Control 
This object enables the global solver execution control. 
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Case Options 
All the default settings are controlled from this object. One can edit options like 
graphic style, labels and markers and general options which control various physics 
settings. 
If all the physics definitions are correctly defined, when define run button is hit, 
CFX will ask to save the defined (“.def”) file and automatically move to solver manager. 
If there is any problem in physics definition, the problematic region will be highlighted 
and the brief description of the error will be displayed in physics validation summary 
window. Step by step instructions for successful setup of the CFX model is described in 
Appendix B.  
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CHAPTER 5 
SOLVER MANAGER 
When define run option in CFX Pre is selected, CFX solver manager starts and 
the physics defined file is transferred to solver manager for solution. Figure 14 shows the 
general solver manager window. 
 
Figure 14. CFX solver manager window 
Left part of the window in solver manager where all the plots are visible is called 
workspace. The window on the right displays the text results of the solution. In 
workspace, plots of the convergence history as well as the plots from the monitor points 
can be displayed. 
A define run dialog box appears when the solver manager starts. This box has the 
physics defined file as the solver input file. Further the options of initial value file, 
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number of processors to be used i.e whether the solution will be done in series or by 
parallel computing, double precision and the location where the result files are to be 
stored are available in this dialog box. 
For this research, parallel computing is used since this reduced the simulation 
time from 14 days to 4-5 days. To select parallel computing, in the parallel environment 
section, under run mode option select HP MPI Local Parallel from the drop down list. In 
the partitions section increase the partitions to 4 from default value of 2. HP MPI Local 
Parallel option is selected depending on the configuration of the machine. Local Parallel 
mode allows using four cores on the same computer. The maximum of four cores can be 
used for solution in ANSYS CFX for both educational and research license. To increase 
the number of processors for solution, an hpc based license is required.  
Double precision option is also required to be selected in the define run dialog 
box. This option allows storing basic floating point number as 64 bit word increasing the 
mathematical precision of the numerical operations. 
For the simulations during this research, plots of the components of normal forces 
and tangential forces were always displayed in the workspace. To see these plots, a new 
monitor has to be created from workspace menu in the menu bar. A dialog box (Figure 
15) appears when a new monitor is created. One can select the forces and other variables 
that are required to be displayed in the workspace from this box. It is advantageous as 
well as very efficient to display the plots of the required value in the workspace as all the 
value are displayed as the simulation progress, therefore solution progress can be 
monitored closely. If the same plots are created in CFX post processor, it takes longer 
time to generate the data and one cannot monitor the solution as simulation progresses. 
38 
 
The data of the plots in the workspace can be exported in the form of images and excel 
(“.csv”) files simply by right click of the mouse on the plot and selecting the required 
option.  
 
Figure 15. Monitor properties dialog box 
Solver manager allows to stop the simulation and visualize the results in CFX 
Post processor up to the simulation progress. The solution can be again restarted from the 
point at which the solution was stopped. If the simulation is interrupted without stopping 
the solution from solver manager, due to conditions such as power failure or accidental 
restart of the machine, simulation data that will be lost and result (“.res”) file will not be 
generated. It is advised to stop the simulation run regularly and backup the data. When 
the simulation finishes successfully, or when the simulation is stopped, a result (“.res”) 
file is generated which is required for data visualization in CFX Post processor. A 
directory with files containing each timestep data (“.trn” files) is also created at the end of 
the simulation run. In order to restart the simulation from the point at which it was 
stopped, corresponding result (“.res”) file is required as initial value file in define run 
dialog box. Refer to Appendix C for solver setup. 
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CHAPTER 6 
MODEL VALIDATION AND SIMULATION RESULTS 
This chapter discusses the details about CFX Post processor, validation of CFD 
model by comparing experimental and CFD results and discussion about the results of 
active damping mechanism. 
 
6.1 ANSYS CFX Post Processor 
ANSYS CFX Post processor is used to analyze the results. The result (“.res”) file 
is loaded along with the individual timestep results in CFX Post. Figure 16 shows the 
CFX post processor operating window. 
 
Figure 16. CFX Post processor operating window 
CFX Post window is divided into two main parts. First part is the viewer which 
graphically represents the results. Second part is the workspace on the left which is 
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further divided into upper part displaying the outline tree and bottom part displaying the 
detail view.  
Elements like planes for sectional view, iso-surface for displaying free surface, 
volume display and points for streamline display can be generated for interpreting the 
results. For example, in the figure 16 a plane is seen displaying pressure distribution at a 
section. The detail view of the plane in the workspace provides the options for orientation 
of the plane along the XY, YZ and XZ plane of the axis under geometry tab. Under color 
tab more options for selecting the variables like velocity, water velocity, density and 
many more variables are available. Under render and view tab, options for transparency 
and display of the plane are available.  
Movies of the full simulation and analysis of each individual timesetp can be done 
by using timestep selector in CFX Post. Thus complete analysis of the results can be done 
by the options available in CFX Post. For details about step by step instruction of result 
analysis, refer Appendix D. 
 
6.2 CFD Validation 
6.2.1 Spherical Tank 
For validation of the CFD model, CFD results are compared to the experimental 
data. The experimental results are of a spherical tank of 12 inch diameter with opening to 
the atmosphere. Experiment was performed by previous students pursuing parameter 
estimation research. Care was taken to simulate exact same parameters in CFD model to 
have maximum correlation of the data. 
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CFD model is of 12.9 inch diameter, but the CFD results and experimental results 
show strong correlation, thereby proving that small changes in the diameter of the tank 
does not affect the results.  
In the experiment, sloshing is induced in the spherical tank by giving an 
instantaneous acceleration with velocity of 0.05 m/s in lateral direction. The sloshing 
wave is allowed to damp naturally, in this process sloshing waves acquire multiple modes 
and passes through natural frequency corresponding to these modes. Forces of the 
sloshing waves are measured by transducers and data is recorded by LabVIEW interface. 
Result recorded through LabVIEW is analyzed using Fast Fourier transforms (FFT) to 
isolate natural frequency mixed among various external vibrations known as noise.  
 For CFD simulation, sloshing is induced by oscillating the spherical tank at 2 Hz 
frequency with 0.001 m amplitude in the lateral direction. Frequency is chosen based on 
the general observation that natural frequency for a spherical tank filled to 60 percent 
volume is within the range of 0.5 to 4 Hz. In order for the propellant to reach maximum 
amplitude at 2 Hz, tank is excited for 3 seconds. After 3 seconds, the sloshing propellant 
is allowed to damp naturally, in this process the sloshing wave attains natural frequency 
which can be isolated from the noise using Fourier transforms (Appendix F). The range 
of the frequency is such that all the simulations are in first mode. 
Figure 17 shows the FFT analysis of the experimental results. The graph shows 
velocity against frequency. The maximum peak in the plot indicates the natural 
frequency, here maximum peak occurs initially and around 1.7-1.8 Hz frequency. The 
initial maximum peak near 0 Hz can be neglected since it is the result of instantaneous 
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motion of the propellant in the tank. FFT analysis clearly isolates the natural frequency 
around 1.7 to 1.8 Hz.  
 
Figure 17. FFT analysis of experimental data for spherical tank 
Figure 18 shows FFT analysis of the CFD results. Since CFD model is excited at 
particular frequency, the results show only one peak signifying natural frequency. FFT 
analysis of CFD results specify natural frequency to be around 1 to 2 Hz. Further detailed 
theoretical calculation (Appendix G) of the natural frequency from the monitor plots 
(Figure 19) of normal forces gives natural frequency to be 1.8536 Hz for spherical tank, 
which is remarkably close to the natural frequency range of 1.7 to 1.8 Hz found by 
experiment. Damping ratio for CFD model is calculated to be 0.0437. 
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Figure 18. FFT analysis of CFD data (spherical tank) 
 
Figure 19. Normal force monitor for 2 Hz excitation (spherical tank) 
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Once the natural frequency is determined, successive simulations are excited 
using natural frequency of 1.8536 Hz. This ensures that propellant slosh reaches 
maximum amplitude and natural frequency is maintained during entire simulation. 
Thus it can be concluded that CFD model of the spherical tank is valid for 
simulating propellant slosh. Figure 28 shows Fourier transform of the results of tank with 
membrane at the bottom, the natural frequency is shown by the maximum peak which is 
within the range of 1.7 to 1.8 Hz, therefore it is safe to conclude that CFD model of the 
tank with minor change in geometry will be valid if similar parameters of spherical tank 
case are used for modeling.   
6.2.2 Cylindrical Tank 
Experimentally it was found that vibrating mechanism, the speaker and 
diaphragm at the bottom of the cylindrical tank works better for 25% filled cylinder. The 
reason for this is the power limitation of the speaker. Since the entire weight of propellant 
is directly resting on the speaker, speaker with higher power than the current 100 Watt is 
required for operating at 60% tank fill level. Experiment for CFD validation has been 
performed for both 60% and 25% tank fill level for cylindrical tank. Active damping 
mechanism experiments are performed only for 25% filled cylindrical tank. 
6.2.2.1 60% Filled Cylindrical Tank 
Cylindrical tank is excited at 2 Hz for finding natural frequency by CFD data. For 
experiment, frequency sweep is performed. Figure 20 and 21 shows CFD FFT analysis 
data and experimental FFT analysis data for 60% filled cylindrical tank respectively. 
CFD FFT data shows that natural frequency is between 2 and 3 Hz. Experimental data 
narrows down the natural frequency around 2.6 to 2.7 Hz. Theoretical calculation of 
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natural frequency from monitor plots of tangential forces (Figure 22) acting on 
cylindrical walls for 60% filled level gives natural frequency for propellant slosh to be 
2.768 Hz which is close to the experimental prediction. Further the damping ratio for 
CFD model of 60% filled cylindrical tank is calculated to be 0.0633.  
 
Figure 20. FFT analysis of CFD data for 60% filled cylindrical tank 
 
Figure 21. FFT analysis of experimental data for 60% filled cylindrical tank 
(frequency sweep) 
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Figure 22. Tangential forces on wall for 60% filled cylindrical tank 
6.2.2.2 25% Filled Cylindrical Tank 
Figure 23 and 24 show FFT analysis of CFD and experimental data for 25% filled 
cylindrical tank respectively. CFD FFT data shows that natural frequency falls between 2 
and 3 Hz. Experimental data narrows down the natural frequency around 2.3 Hz. 
Theoretical calculation of natural frequency from monitor plots of tangential forces 
(Figure 25) acting on cylindrical walls for 25% filled level gives natural frequency for 
propellant slosh to be 2.327 Hz which is close to the experimental prediction. Further the 
damping ratio for CFD model of 25% filled cylindrical tank is calculated to be 0.0608. 
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Figure 23. FFT analysis of CFD data for 25% filled cylindrical tank (frequency 
sweep) 
 
Figure 24. FFT analysis of experimental data for 25% filled cylindrical tank 
(frequency sweep) 
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Figure 25. Tangential forces on wall for 2 Hz excitation 25% filled (cylindrical tank) 
Natural frequency for 60% filled and 25% filled cylindrical tanks found by CFD 
and experiments are in agreement. Therefore, CFD model of cylindrical tank for 
propellant slosh is validated for further simulations.  
6.3 Active Damping Mechanism 
The energy generated by propellant sloshing is difficult to dissipate within the 
propellant tank. In order to increase the damping, many ideas were thought [10, 11, 13]. 
Some of these ideas included having a metal plate in the tank vibrating at the required 
frequency and to rotate the vanes inside the tank. All these ideas had few common 
properties like adding material to the tank, having a moving or vibrating vanes or plate, 
but this would result in increase in the momentum and forces inside the tank rather than 
damping the slosh, along it would add weight. Then, an idea came from water effect seen 
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when water is filled over a subwoofer and music is played, water droplets reaches 
resonance in this process. This similar effect can be used for actively damping propellant 
slosh. Similar device was created having a membrane at the bottom of the propellant 
tank. The membrane can be vibrated using reciprocating mechanism or using subwoofer. 
For control simplicity and ease of construction, subwoofer is used as membrane vibration 
mechanism. The issues that require to be addressed are, to find optimum frequency for 
vibrating the membrane at which propellant sloshes experience significant damping and 
to use the water effect idea and develop the mechanism that can handle momentum of the 
propellant tank.   
6.3.1 Spherical Tank   
Figure 26 shows the geometry of the spherical tank with cut section at the bottom. 
Space below the cut section is used to house the vibration mechanism and it is not 
required to be modeled for CFD simulations. 
 
Figure 26. Tank geometry with membrane and boundary conditions 
The natural frequency of the propellant in this model is same as determined in validation 
case (Figure 18), since it was concluded that small changes in the geometry does not 
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affect the natural frequency, new validation for this geometry is not required. Figure 27 
shows the natural damping of the normal forces observed for the tank with membrane. 
The damping ratio for natural damping is calculated to be 0.0473 for this tank. The 
increase in damping ratio compared to free surface tank without membrane is due to 
change in the geometry of the tank. 
This section of the chapter discusses the results attained by vibrating the 
membrane at various frequencies for spherical tank.  
 
Figure 27. Natural damping for spherical tank with membrane 
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Figure 28. Determination of natural frequency for spherical tank with membrane 
6.3.1.1 Membrane Vibration for Spherical Tank 
The membrane vibration for CFD simulation is controlled in similar way as the 
tank oscillations are controlled by the expressions (Appendix E). The difference being 
that for membrane vibration, the displacement equation is mentioned in y-component of 
displacement in boundary details of the membrane. The boundary condition at the 
membrane is the wall. Membrane is excited at 13.5 Hz, 14 Hz, 15 Hz, 16 Hz, 20 Hz, 30 
Hz and 50 Hz with amplitude of vibration changing from 1mm to 10mm for certain 
frequencies. 
Membrane Vibration at 13.5 Hz, 2 mm Amplitude 
Figures 29 and 30 show the normal force and the tangential force distributions on 
the tank wall respectively. These figures indicate that small amplitude low frequency 
vibration has significant effect on the natural damping of propellant slosh. Also the 
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magnitude of normal force on the wall is significantly higher than the magnitude of 
tangential force, therefore normal force damping is considered important.  
 
Figure 29. Normal Force on wall for 13.5 Hz, 2 mm amplitude 
 
Figure 30. Tangential force on wall for 13.5 Hz, 2 mm amplitude 
Since both the normal and tangential forces have wavy nature, it is necessary that 
these forces be normalized before analysis for damping ratio is done. These forces can be 
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normalized using low pass filter analysis. Figure 31 shows the results of low pass filter 
analysis of tangential forces (Figure 30). Calculations for damping ratio does not depend 
on normal or tangential forces, therefore low pass filter analysis of either forces can be 
done for normalizing the curve.  Damping ratio for 13.5 Hz, 2mm amplitude case is 
calculated to be 0.0696. 
 
Figure 31. Low pass filter analysis of tangential forces for 13.5 Hz, 2 mm amplitude 
Membrane Vibration at 14 Hz, 2 mm Amplitude 
Figures 32 and 33 show the normal and the tangential force distributions on the 
tank wall respectively. Low pass filter analysis of the tangential force distribution (Figure 
34) gives the damping ratio as 0.0786. 
 
Figure 32. Normal Force on wall for 14 Hz, 2 mm amplitude 
Original Data     
Filtered Data 
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Figure 33. Tangential force on wall for 14 Hz, 2 mm amplitude 
 
Figure 34. Low pass filter analysis of tangential force for 14 Hz, 2 mm amplitude 
Membrane Vibration at 15 Hz, 2 mm Amplitude 
Figures 35 and 36 show the normal and the tangential forces for membrane 
vibrating at 15 Hz. Low pass filter analysis (Figure 37) gives damping ratio of 0.0838. 
               Original Data 
               Filtered Data 
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Figure 35. Normal force on wall for 15 Hz, 2 mm amplitude 
 
 
Figure 36. Tangential force on wall for 15 Hz, 2 mm amplitude 
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Figure 37. Low pass filter analysis of tangential force for 15 Hz, 2 mm amplitude 
Membrane Vibration at 16 Hz, 2 mm Amplitude 
Figure 38 and 39 show normal and tangential forces for membrane vibrating at 16 
Hz. Low pass filter analysis (Figure 40) gives damping ratio of 0.0859. 
 
Figure 38. Normal Force on Wall for 16 Hz, 2 mm amplitude 
Original Data     
Filtered Data 
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Figure 39. Tangential force on wall for 16 Hz, 2 mm amplitude 
 
 
 
Figure 40. Low pass filter analysis of tangential force for 16 Hz, 2 mm amplitude 
Original Data     
Filtered Data 
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Membrane Vibration at 30 Hz, 2mm Amplitude 
With increase in the frequency, the timestep for simulation is required to be 
decreased. Also it becomes difficult to analyze normal and tangential forces since the 
simulation takes long time to calculate sufficient time period for damping ratio 
calculation. The magnitude of forces also increase to very large value with increase in 
frequency of membrane vibration. However, the damping of the normal forces is quite 
evident from the force plots. Figures 41 and 42 show the normal and the tangential forces 
for 30 Hz, 2 mm amplitude cases. As seen in Figure 41, fluid starts attaining natural 
frequency due to excitation by membrane.  
 
 
 
Figure 41. Normal force on wall for 30 Hz, 2 mm amplitude 
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Figure 42. Tangential force on wall for 30 Hz, 2 mm amplitude 
Membrane Vibration at 50 Hz, 2 mm Amplitude 
With increase in frequency, the magnitude of normal force increases instantly to a 
very high value. As time progresses, normal force monitor shows that natural frequency 
of the propellant increases to 50 Hz (Figure 43). Since we do not want propellant to attain 
natural frequency due to membrane, simulation is not pursued further.  
 
Figure 43. Normal force on wall for 50 Hz, 2 mm amplitude 
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Figure 44. Tangential force on wall for 50 Hz, 2 mm amplitude 
The plots of the forces reveal a potential damping before the fluid starts gaining 
natural frequency of membrane vibration. A simulation with 50 Hz membrane vibration 
frequency was run during which membrane was allowed to vibrate for 0.05 seconds with 
increased amplitude of 4mm. Figures 45 and 46 show the normal and the tangential 
forces for this case. 
 
Figure 45. Normal force on wall for 50 Hz, 4 mm amplitude for 0.05 second 
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Figure 46. Tangential force on wall for 50 Hz, 4 mm amplitude for 0.05 second 
These plots show significant damping during the time when membrane is 
vibrating. After the membrane vibration is stopped, propellant starts to slosh and reaches 
same amplitude at 6.3 second as in natural damping case. This is due to the fact that the 
propellant even after being damped still has momentum which imparts the energy once 
damping vibrations are stopped. And if the damping vibrations are not stopped, 
propellant attains natural frequency. Thus a solution has to be found to reduce the 
momentum of the propellant slosh in such a way that propellant does not attain natural 
frequency. Further, small time duration makes this problem difficult to solve.   
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6.3.2 Cylindrical Tank 
Figure 47 shows geometry and boundary conditions of the cylindrical tank. 
 
Figure 47. Cylindrical tank boundary conditions 
Vibration mechanism consists of a speaker and membrane below the interface 
boundary condition. For CFD simulation this mechanism is not required to be modeled. 
Instead, interface boundary is moved as if it were membrane at various frequencies. This 
section of the chapter discussed the results obtained by vibrating interface membrane at 
various frequencies and comparing those results with experimental results. 
6.3.2.1 Membrane Vibration for Cylindrical Tank 
Membrane vibration for CFD model is controlled by expressions mentioned in 
Appendix E, applied in y-component of displacement options in detail boundary 
condition tab. For experiment, membrane vibration is controlled by controlling frequency 
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input to the speaker. For this, a sine wave generator is used coupled with oscilloscope and 
amplifier to amplify the input frequency to the speaker (Figure 48). 
 
Figure 48. Membrane vibration control setup 
 For better comparison of damping, only the part of plot after initial excitation of 
the tank is studied. Also, only 25% filled cylindrical tank results are carried out in CFD 
since only 25% filled tank experimental results are available due to experimental 
limitations. Results for membrane vibration at 12 Hz and 12.5 Hz are shown here since 
experiment showed maximum damping for these vibration frequencies. 
Membrane Vibration at 12 Hz, 1 mm Amplitude 
Experimental Results  
Figure 49 show natural damping for 25% filled cylindrical tank excited at 2.327 
Hz laterally. The time taken for natural damping experimentally is 41 seconds. Damping 
Sine Wave Generator 
Oscilloscope 
Amplifier 
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time is calculated after 9 seconds since damping begins after 9 seconds when the 
excitation is stopped. 
 
Figure 49. Experimental results for 25% filled cylindrical tank excited at 2.327 Hz 
natural damping 
Figure 50 show the experimental results for 25% filled cylindrical tank which is 
excited laterally at 2.327 Hz for 9 seconds and then active damping mechanism is 
activated. The membrane vibrates at 12 Hz until the propellant slosh is damped. Total 
time taken for damping of propellant slosh is 27 seconds.    
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Figure 50. Experimental results for 12 Hz membrane vibration, 25% filled tank 
Comparing the results of figure 49 and 50 one can see that time taken for 
complete damping of propellant slosh for actively damped case is less compared to 
naturally damped case. The total damping time reduces by 14 seconds for actively 
damped case.  
CFD Results 
25% filled cylindrical tank is simulated in CFD and excited at 2.327 Hz frequency 
which is the natural frequency found during validation of CFD model. Tank is excited for 
6 seconds and allowed to damp naturally for first case and active damping mechanism is 
activated for second case.  
Damping ratio for naturally damped 25% filled cylindrical tank excited at 2.327 
Hz frequency is calculated from figure 51 and found to be 0.0608. 
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Figure 51. Tangential force on wall for 2.327 Hz (naturally damped case) 
CFD simulation is stopped after 10 seconds since the magnitude of forces become 
very small after 10 seconds and it is inefficient to use computing time and power for 
calculating forces beyond 10 seconds.  
For active damping case, membrane vibration is started at 12 Hz with 1mm 
amplitude. Damping ratio for 12 Hz membrane vibration is calculated form low pass 
filter analysis of figure 52 (Figure 53). Damping ratio for this case is 0.0955, which is 
significantly higher than the damping ratio in naturally damped case. 
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Figure 52. Normal force on wall for 25% filled cylindrical tank with 12 Hz 
membrane vibration 
 
Figure 53. Low pass filter analysis of normal force for 12 Hz membrane vibration of 
25% filled cylindrical tank 
Original Data     
Filtered Data 
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Membrane Vibration at 12.5 Hz, 1 mm Amplitude 
Experimental Results 
Figure 54 show the experimental results for 25% filled cylindrical tank which is 
excited laterally at 2.327 Hz for 9 seconds and then active damping mechanism is 
activated, membrane vibrates at 12.5 Hz until the propellant slosh is damped. Total time 
taken for damping of propellant slosh is 25 seconds.    
 
Figure 54. Experimental results for 12.5 Hz membrane vibration, 25% filled tank 
Comparing the experimental results for naturally damped case (figure 49) to 
actively damped case for 12.5 Hz membrane vibration (Figure 54), the damping time for 
12.5 Hz membrane vibration reduces by 16 seconds, which is 2 seconds less than 12 Hz 
membrane vibration case. 
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CFD Results 
For CFD results, a 25% filled cylindrical tank is laterally excited at 2.327 Hz for 6 
seconds and then active damping mechanism is activated during which the membrane 
vibrates at 12.5 Hz with 1mm amplitude. Damping ratio is calculated from low pass filter 
analysis of figure 55 (Figure 56). Damping ratio is calculated to be 0.1059. 
 
Figure 55. Normal force on wall for 25% filled cylindrical tank with 12.5 Hz 
membrane vibration 
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Figure 56. Low pass filter analysis of normal force for 12.5 Hz membrane vibration 
of 25% filled cylindrical tank 
6.4 Summary of Results 
Table 6. Summary of results (spherical tank) 
Case Type Frequency of Excitation (Hz) 
Natural 
Frequency (Hz) Damping Ratio 
Naturally Damped 2.0 1.8536 0.0437 
Naturally Damped  
(changed geometry) 2.0 1.8536 0.0473 
13.5 Hz, 2 mm 
amplitude membrane 
vibration 
1.8536 - 0.0696 
14 Hz, 2 mm 
amplitude membrane 
vibration 
1.8536 - 0.0786 
15 Hz, 2 mm 
amplitude membrane 
vibration 
1.8536 - 0.0838 
16 Hz, 2 mm 
amplitude membrane 
vibration 
1.8536 - 0.0859 
 
Original Data     
Filtered Data 
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Table 7. Summary of results (cylindrical tank) 
Case Type Frequency of Excitation (Hz) 
Natural 
Frequency (Hz) Damping Ratio 
Naturally Damped 
 (60% filled) 2.0 2.768 0.0633 
Naturally Damped 
 (25% filled) 2.0 2.327 0.0608 
12 Hz, 1 mm 
amplitude membrane 
vibration 
2.327 - 0.0955 
12.5 Hz, 1 mm 
amplitude membrane 
vibration 
2.327 - 0.1059 
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CHAPTER 7 
CONCLUSION 
ANSYS CFX’s advance capabilities are sufficient to accurately model propellant 
slosh was proved by comparison of CFD and experimental data. CFD model could 
accurately predict frequencies and damping rations. Further, detail shape of the propellant 
slosh can be easily analyzed for smallest timestep using CFD model. 
Comparison of experimental and CFD results proves that the active damping 
concept for propellant slosh using subwoofer as a vibrating mechanism has a potential to 
be developed into a complete system for active damping but requires more research to 
study the relation between membrane damping frequency, natural frequency of propellant 
slosh and tank fill level.  
It is observed clearly that damping ratio increases for propellant in the tank with 
the increase in damping frequency applied to the vibrating membrane for both spherical 
and cylindrical tank. The frequency range of vibrating membrane for both the tanks lies 
between 10 Hz to 15 Hz.    
During the experiment, dependency of natural frequency of propellant slosh on 
the tank fill level is also verified. 
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APPENDIX A 
Mesh Generation in Pointwise  
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Pointwise meshing guide 
1. Create the geometry of the model to be meshed using CAD software and save the file 
in .igs format. 
2. Open Pointwise software in Linux using following command in terminal 
• [UserID@host ~]$ Pointwise. 
3. Import the geometry .igs file in Pointwise  
• File > Import > Database 
 
4. Creating connectors 
• Select all the model type in database. 
• Click on unstructured grid icon from the menu. 
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• Click on create connectors on database icon in menu. This will create 
connectors on the database. Following figure shows the changes in the 
geometry. 
 
5. Delete overlapping connectors if any. 
6. Select connectors form the left panel and initialize them by giving 50 grid points on 
each connector. 
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7. Create Domains 
• Create > Assemble Special > Domain 
• Select each connector to form a completed loop 
• When all the domains are made click apply. 
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8. Creating Block 
• Create > Assemble Special > Block 
• Select all the domains, click save faces to form a block 
 
9. Initializing the Block 
• Select the Block from left panel. 
• Grid > Solve , click initialize. 
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• Further refinement of mesh is to be done by changing the attributes. 
10. Selecting the solver type 
• CAE > Select Solver, select ANSYS CFX 3D 
11. Creating Boundary Conditions 
• CAE > Set Boundary Conditions 
• Create new boundaries named Opening and Wall and select appropriate 
boundary in the geometry to assign the boundary condition. 
 
12. Exporting the generated mesh 
• Select the Block. 
• File > Export > CAE 
• Select Double in data precision option and click OK. 
• This will save the file as .grd to work in CFX, save the file as .pw file for 
future modifications. 
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APPENDIX B 
CFX Model Setup guide 
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This setup is for free surface naturally damped validation case without membrane at 
bottom. 
1. Start ANSYS CFX Pre and import the .grd file made in Pointwise. 
• File > Import > Mesh, select the file. 
2. Scaling the geometry. 
• Right click on Mesh object in outline tree view and select Transform mesh. 
• Select Scale from Transformation drop down option. 
• Select Uniform from Methods drop down options. 
• Enter desired scaling value in Uniform Scale object. 
 
3. Selecting desired units 
• Edit > Options > Units, select the desired units. 
4. Analysis type setup. 
• Double click on Analysis type in outline tree. 
• Give values as shown in following figure and click OK. 
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5. Physics definition 
• Double click on Domain. 
• Select values as shown in following figure. Also add new fluid in Fluid and 
Particle Definition named Air and Water. 
85 
 
 
6. Multiphase model setup 
• Select Fluid Models tab in Domain  
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7. Fluid pair Model setup. 
• Select Fluid Pair Models tab in Domain. 
 
8. Setting Boundary Conditions 
• Insert > Boundary > Name the Boundary as named in Pointwise 
• For Opening Boundary give following conditions. Appendix E for expression. 
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• Wall Boundary Condition 
 
 
9. Global Initialization 
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10. Solver Control 
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11. Output Control 
 
12. Expressions 
• Insert > Expressions, Functions and Variables > Expression 
 
13. Successful completion of all these steps will define free surface flow physics 
properly.  
• Select Tools > Solve > Start Solver > Define Run, save the file as .def and 
solver manager will start to run the simulation. 
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APPANEDIX C 
SOLVER MANAGER SETUP 
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1. Solver Manager will start when Define Run is selected in CFX Pre. 
2. Following dialog box allows selection of calculation precision and number of 
processors to be used for simulation process. 
 
3. Maximum 4 processors can be selected and should be on same machine due to license 
limitations. 
4. Clicking Start Run button will start the simulation. 
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APPENDIX D 
CFX POST PROCESSOR RESULT ANALYSIS 
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1. Start CFX Post and load the result file. 
2. For Free surface visualization 
• Insert > Location > Isosurface 
• Definition option > Variable > Select Water Volume Fraction from drop down 
list 
• Definition option > Value > 0.5 
• Click Apply 
3. For pressure distribution visualization 
• Insert > Location > Plane 
• Geometry tab > Definition option > Method > XY Plane 
• Geometry tab > Definition option > Z > 0.0 
• Color tab > Mode > Variable 
• Color tab > Variable > Pressure 
• Color tab > Range > Local 
• Click Apply 
4. Visualization of Results at different timestep 
• Tools > Timestep Selector, select timestep from the list 
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APPENDIX E 
EXPRESSIONS 
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Following expression is used for displacement of the tank for propellant slosh 
excitation. 
 
�0.003 [𝑚] ∗ 𝑆𝑖𝑛 �2 ∗ 3.14159 ∗ 1.8536 ∗ 𝑇𝑖𝑚𝑒1[𝑠] �� ∗ 𝑠𝑡𝑒𝑝 �6[𝑠] − 𝑇𝑖𝑚𝑒1[𝑠] � 
Where, 
𝑠𝑡𝑒𝑝(𝑥) = 0,𝑓𝑜𝑟 𝑥 < 0 
𝑠𝑡𝑒𝑝(𝑥) = 1,𝑓𝑜𝑟 𝑥 > 0 
𝑠𝑡𝑒𝑝(𝑥) = 0.5,𝑓𝑜𝑟 𝑥 = 0 
Time variable takes value from current timestep 
Step function is dimensionless function. This function starts the oscillation of the tank 
at 1.8536 Hz with 3mm amplitude and stops after 6 second. 
For vibration of the membrane, following expression is used in y-component of the 
displacement option in boundary detail condition of interface. 
 
�0.002[𝑚] ∗ 𝑆𝑖𝑛 �2 ∗ 3.14159 ∗ 15 ∗ 𝑇𝑖𝑚𝑒1[𝑠] �� ∗ 𝑠𝑡𝑒𝑝 �𝑇𝑖𝑚𝑒 − 6[𝑠]1[𝑠] � 
This function starts membrane vibration at 15 Hz with 2mm amplitude after 6 
seconds into the simulation and continues membrane vibration till the end of the 
simulation. 
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APPENDIX F 
FAST FOURIER TRANSFORM  
And  
LOW PASS FILTER  
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Fast Fourier Transform is used for isolating natural frequency from the noise for 
experimental and CFD results. Matlab code for FFT is developed. For both these codes, 
data is imported in matlab in .csv (comma separated values) format from monitor plots in 
solver manager. 
Fast Fourier Transform 
Fs = 100;                    % Sampling frequency, number of output for 1 second 
T = 0.01;                     % Sample time (timestep) 
L = 1000;                    % Length of signal (total number of timesteps) 
t = (0:L-1)*T; 
NFFT = 2^nextpow2(L); % Next power of 2 from length of y 
Y = fft(data(3:length(data),3),NFFT)/L; 
f = linspace(0,25,NFFT/2+1); 
% Plot single-sided amplitude spectrum. 
plot(f,abs(Y(1:NFFT/2+1)/0.08))  % 0.08 is required to be changed to adjust values on                    
                                                            the axis. 
title('Frequency spectrum for determining natural frequency') 
xlabel('Frequency (Hz)') 
ylabel('Amplitude (m)') 
 
Low Pass Filter is used for smoothing the plot values. This code is also developed to 
be used in Matlab.  
Low Pass Filter 
plot(data1(1:length(data1),1),data1(1:length(data1),4),'r-'); 
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hold on 
axis([6 10 -0.002 0.002]); 
 
[a,b]=butter(2,0.05,'low'); 
filteredNormalForce=filter(a,b,data1(1:length(data1),4)); 
plot(data1(1:length(data1),1),filteredNormalForce); 
axis([6 10 -0.002 0.002]); 
 
For both codes, data is to be imported in the form of .csv files from solver manager. 
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APPENDIX G 
THEORETICAL CALCULATION 
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Following calculation is done for natural frequency of free surface naturally damped 
validation case without membrane at the bottom. 
From tangential force monitor plot for naturally damped spherical tank case, amplitude 
𝑥1 and 𝑥2 are:  
𝑥1 = 0.002963 𝑎𝑡 8.28 𝑠𝑒𝑐𝑜𝑛𝑑𝑠 
𝑥2 = 0.002250 𝑎𝑡 8.84 𝑠𝑒𝑐𝑜𝑛𝑑𝑠 
𝑙𝑜𝑔𝑎𝑟𝑖𝑡ℎ𝑚𝑖𝑐 𝑑𝑒𝑐𝑟𝑒𝑚𝑒𝑛𝑡, 𝛿 = ln �𝑥1
𝑥2
� 
∴ 𝛿 = ln �0.0029630.002250� 
∴ 𝛿 = 0.274872 
But, 
𝛿 = 2 ∗ 𝜋 ∗ 𝜀
�(1 − 𝜀2)  
Where, 
ε is the damping ratio 
∴  2 ∗ 𝜋 ∗ 𝜀
�(1 − 𝜀2) = 0.274872 
Solving this equation for ε, gives 
Damping Ration, ε = 0.043704 
𝜔𝑑 = 2 ∗ 𝜋𝑇𝑑  
Where,  
𝑇𝑑 is damping time period, found from tangential force monitor plot to be 0.54 seconds. 
∴  𝜔𝑑 = 11.6355 𝑟𝑎𝑑/𝑠𝑒𝑐 
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𝜔𝑛 = 𝜔𝑑
�(1 − 𝜀2) 
Where, 
𝜔𝑛 is natural angular frequency. 
𝜔𝑛 = 11.6466 𝑟𝑎𝑑/𝑠𝑒𝑐 
𝜔𝑛 = 2 ∗ 𝜋 ∗ 𝑓𝑛 
Therefore, natural frequency, 𝑓𝑛 will be: 
 𝑓𝑛 = 1.8536 𝐻𝑧 
 
